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GSK-3β2f2), amember of the nuclear orphan receptor superfamily, is expressed in several
regions of the central nervous system (CNS), including the ventral thalamus, hypothalamus, midbrain, pons,
and spinal cord. To address the function of COUP-TFII in the CNS, we generated conditional COUP-TFII knockout
mice using a tissue-speciﬁc NSE-Cre recombinase. Ablation of COUP-TFII in the brain resulted in malformation
of the lobule VI in the cerebellum and a decrease in differentiation of cerebellar neurons and cerebellar growth.
The decrease in cerebellar growth inNSECre/+/CIIF/Fmice is due to reduced proliferation and increased apoptosis
in granule cell precursors (GCPs). Additional studies demonstrated that insulin like growth factor 1 (IGF-1)
expression was reduced in the cerebellum of NSECre/+/CIIF/F mice, thereby leading to decreased Akt1 and GSK-
3β activities, and the reduced expression of mTOR. Using ChIP assays, we demonstrated that COUP-TFII was
recruited to the promoter region of IGF-1 in a Sp1-dependent manner. In addition, dendritic branching of
Purkinje cellswas decreased in themutantmice. Thus, our results indicate that COUP-TFII regulates growth and
maturation of the mouse postnatal cerebellum through modulation of IGF-1 expression.
© 2008 Elsevier Inc. All rights reserved.IntroductionGrowth and pattern formation of the cerebellum is one of the most
dynamic events during brain morphogenesis. Unlike other brain
structures, the neuronal population of the mouse cerebellum originates
not from a single germinal zone, but from at least two zones. By
embryonic day 11 (E11), Purkinje cell progenitors migrate from the
ventricular zone to form a temporary plate-like structure in the mouse.
By E12.5, the cerebellar primordium is transformed into a bilateralwing-
like structure (Sgaier et al., 2005). After the appearance of granule cell
precursors (GCPs) thatmigrated from the rhombic lip, cerebellar anlage,
a cylindrical structure, is formed by E15 and undergoes rapid growth
until the third postnatalweek (Goldowitz andHamre,1998). For theﬁrst
2 weeks after birth, the cerebellum enlarges very fast and divides into
three regions- the centralvermis, the lateralhemispheres, and the lateral
most ﬂocculus and paraﬂocculi. Indentation of the external granule cell
layer (EGL) inside each cerebellar region forms a speciﬁc set of ﬁssures
and folia along the anterior-posterior axis in each cerebellar region.
During this process, the volume of the cerebellum is increased over a
thousand fold (Goldowitz et al., 1997).
Dynamic growth and foliation of the mouse cerebellum is
primarily due to rapid proliferation and expansion of GCPs, whichcm.edu (M.-J. Tsai).
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l rights reserved.are located in the external granule cell layer (Ben-Arie et al., 1997;
Lewis et al., 2004; Mares et al., 1970; Miyata et al., 1999). It was
previously shown that ablation of Math1 in mice results in improper
patterning of the cerebellum due to the loss of GCPs at P0 (Ben-Arie et
al., 1997). In addition, ablation of BETA2/NeuroD1 results in severe
reduction of the GCP population. Mice lacking BETA2/NeuroD1 show
reduced cerebellar volume and disrupted foliation, especially in the
posterior part of the cerebellum during postnatal development (Cho
and Tsai, 2006; Miyata et al., 1999). Proliferation and expansion of
GCPs are indispensable for the growth and development of the mouse
cerebellum during neonatal development. It has been shown that
Purkinje cells are important for regulating the granule cell population.
When Purkinje cells are absent or congenitally degenerated in mouse
mutants such as Lurcher and Staggerer, the population of GCPs is
reduced and folia formation becomes arrested (Herrup, 1983; Smeyne
et al., 1995; Wetts and Herrup, 1982). It is well known that Sonic
hedgehog (Shh), produced by Purkinje cells, functions as a mitogen to
regulate the proliferation of GCPs (Dahmane and Ruiz i Altaba, 1999;
Wallace, 1999; Wechsler-Reya and Scott, 1999). In addition, insufﬁ-
cient expansion of GCPs caused by a lack of Shh signaling results in
growth retardation and premature termination of foliation in the
mouse cerebellum (Corrales et al., 2004, 2006; Lewis et al., 2004).
Thus, crosstalk between GCPs and Purkinje cells is important for
driving the proliferation of granule cells and formation of the mature
architecture in the developing mouse cerebellum.
Chicken Ovalbumin Upstream Promoter Transcription Factors
(COUP-TFs, also known as Nr2fs) are members of the steroid/thyroid
hormone receptor superfamily (Miyajima et al., 1988; Wang et al.,
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have not yet been identiﬁed. There are two COUP-TFs in mammals.
The ﬁrst one cloned was designed as COUP-TFI (Wang et al., 1989) or
v-ErbA-related protein 3, EAR-3 (Miyajima et al., 1988), while the
second member was named COUP-TFII (Ritchie et al., 1990; Wang et
al., 1991) or apolipoprotein regulating protein 1, ARP1 (Ladias and
Karathanasis, 1991). Previous in situ hybridization data showed that
COUP-TFII is expressed in the ventral part of the thalamus,
hypothalamus, midbrain, and cerebellum (Qiu et al., 1994; Yama-
moto et al., 1999). Interestingly, the expression of COUP-TFII is
restricted in sagittal bands in the cerebellum at early embryonic
days (Yamamoto et al., 1999). This type of spatially-restricted
expression pattern is also observed with several vertebrate homo-
logues of Drosophila segment polarity genes, such as En1, En2, Pax2,
and Wnt7B, which are important for forming the foliation pattern of
the mouse cerebellum during the postnatal period (Millen et al.,
1995). For example, ablation of En2 in mice results in a decrease of
cerebellar growth and an altered foliation pattern (Millen et al.,
1994). As previously mentioned, Shh is one of the key molecules that
regulates growth and foliation of the mouse cerebellum. We have
reported that COUP-TFII is a downstream target of Hh and mediates
some its functions (Bastianelli, 2003). Recently we have also shown
that expression of COUP-TFII is observed in Purkinje cells where Shh
is co-expressed (Qin et al., 2007). Thus, COUP-TFII may play a role in
growth and foliation of the mouse cerebellum during postnatal
development.
Even though COUP-TFII is highly expressed in the developingmouse
brain, its physiological functions are largely undeﬁned due to the
embryonic lethality of COUP-TFII null mice by E9.5 (Pereira et al.,1999).
To bypass the early embryonic lethality of COUP-TFII null mice, we
employed a tissue-speciﬁc knockout strategy. Brain-speciﬁc ablation of
COUP-TFII resulted in retardation of cerebellar growth and incomplete
foliation during postnatal development. The decrease in cerebellar
growth is due to reduced proliferation and increased apoptosis in
granule cell precursors (GCPs). Interestingly, both expression of insulin
like growth factor 1 (IGF-1) and branching of Purkinje cell dendrites
were reduced in the cerebellum of the mutant mouse.
Materials and methods
Generation of conditional knockout mice
A ﬂoxed COUP-TFIImouse line having loxP sites ﬂanking the COUP-
TFII locus was generated as described (Takamoto et al., 2005). COUP-
TFII ﬂoxed mice (C129) were crossed with NSE-Cre mice (C57BL6),
which is established by Cinato et al. (2001), to generate NSE-2Cre/+;
COUP-TFII ﬂox/+ mice. Subsequently, the double heterozygous NSE-
Cre/+; COUP-TFIIﬂox/+ mice were then crossed to COUP-TFIIﬂox/ﬂox
mice to generate brain-speciﬁc COUP-TFII-null mice. Genotypes were
determined by PCR, as previously described (Takamoto et al., 2005).
Histology and immunohistochemistry
Postnatal mice were ﬁxed by an intracardial perfusion of a ﬁxative
solution containing 4% paraformaldehyde (PFA) in phosphate buffered
saline (PBS) after PBS injection. For X-gal whole mount staining, the
cerebellum was isolated from the whole brain and ﬁxed with 2% PFA
for 4 h. The ﬁxed whole cerebellumwas incubated with X-gal solution
(2 mM MgCl2, 0.01% sodium deoxycholate, 0.02% NP-40, 5 mM K4Fe
(CN)6, 5 mM K3Fe(CN)6, and 1 mg/ml X-gal solution in PBS) for 2 h at
37 °C. Images from the whole mount X-gal staining were captured by
using a dissecting stereo microscope installed with an AxioCam MR5
digital camera (Carl Zeiss). For preparation of parafﬁn tissue sections,
the brain was ﬁxed with the 4% ﬁxative solution overnight after
perfusion. After dehydration, the brain was embedded with parafﬁn
and cut into 6 μm thick sections.For immunohistochemical staining, parafﬁn sections of the
cerebellum were incubated with anti-COUP-TFII (1:1000 dilution,
Perseus Proteomics), anti-Calbindin (1:200, Chemicon), anti-Calreti-
nin (1:500 dilution, Abcam), or anti-IGF-1 (1:500, Abcam) antibodies,
followed by blocking with PBS containing 1% bovine serum albumin
and 5% normal donkey serum. Immunoreactivity for each antibody
was visualized by using the ABC kit (Vector) and diaminobenzidine
(DAB, Vector). For immunoﬂuoresence, FITC or Texas Red conjugated
secondary antibodies (Jackson Immunochemical) were used. In order
to detect the expression and phosphorylation of Akt1 or mTOR, the
following antibodies were used: anti-Akt1 (1:200, Cell Signaling),
anti-phosphorylated Ser473 Akt1 (1:100, Cell Signaling), anti-phos-
phorylated Thr308 Akt1 (1:200, Cell Signaling), anti-mTOR (1:100,
Cell Signaling), and anti-phosphorylatedmTOR (1:100, Cell Signaling).
Anti-phosphorylated S6 antibodies (1:200, Cell signaling) or anti-S6
antibodies (1:500, Cell signaling) were also incubated with sections
from the cerebellum to detect activation of S6 proteins induced by
mTOR. After incubation with each antibody, detection was accom-
plished as previously described. All tissue sections were counter-
stained with Methyl Green (Vector) to detect nuclei of each cell.
Assays for proliferation and apoptosis
To measure the proliferative activity of GCPs, anti-phosphorylated
Histone H3 (pHis-H3) antibodies (1:500, Cell Signaling) or anti-Ki67
antibodies (1:1000, Pharmingen) were used, as both phosphorylated
Histone H3 and Ki67 are markers for mitotic cells. Parafﬁn tissue
sections were prepared as previously described, and incubated with
pHis-H3 antibodies or Ki67 antibodies overnight. After washing,
sections were developed with the ABC kit and DAB, followed by
incubation with biotin-conjugated secondary antibodies. Mitotic cells
labeled with pHis-H3 antibodies or Ki67 antibodies were counted
within the EGL of the vermis region.
Apoptotic cells were detected by anti-Caspase3 (cleaved form)
antibodies. Parafﬁn sections from the cerebellum were probed with
anti-Caspase3 antibodies (1:500, Cell Signaling) and visualized with
the ABC kit and DAB. Caspase3-positive cells were counted only in EGL.
Immunoblotting
Cerebellar extracts were isolated from homogenized fresh whole
brains of NSECre/+/CIIF/F mice or control mice, and protein was extracted
with a lysis buffer containing 20 mM Tris–HCl (pH7.5), 150 mM NaCl,
1 mM Na2EDTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM
Na2VO4, and a complete protease inhibitor cocktail (Roche). Extracts from
NSECre/+/CIIF/F or littermate control mice were resolved on SDS-poly-
acrylamide gels and transferred to nitrocellulose membranes. The
membranes were probed with the following antibodies: anti-IGF-1,
anti-Calretinin, anti-Akt1 (1:1000, Cell Signaling), anti-phosphorylated
Ser473 Akt1 (1:1000, Cell Signaling), anti-phosphorylated Thr308 Akt1
(1:000, Cell Signaling), anti-mTOR (1:1000, Cell Signaling), anti-phos-
phorylatedmTOR (1:1000, Cell Signaling), anti-phosphorylated S6 (1:500,
Cell Signaling), anti-S6 (1:500, Cell Signaling), anti-phosphorylated GSK-
3β (1:500, Cell Signaling), or anti-GSK-3β (1:2000, Cell Signaling). Each
blot was visualized by using an enhanced chemiluminescence detection
kit (ECL, KPL).
Chromatin Immunoprecipitation (ChIP)
Human COUP-TFIIwas cloned into a pLenti6/V5 vector (pLenti6/V5-
DEST Gateway®, Invitrogen). After cloning, a virus containing COUP-
TFII (pLenti6/V5-CII) was prepared according to the manufacturer's
recommendation. P19 cells were transduced with the pLenti6/V5-CII
virus and then selected with blasticidine (10 μg/ml, Invitrogen) for
6 days. ChIP assays were carried out by following the manufacturer's
recommendation (EZ ChIP Kit, Millipore). Alternatively, P19 cells were
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procedure (Pipaon et al.,1999). Brieﬂy, P19 cells over-expressing COUP-
TFII (P19-CII) or RA-treated P19 cells were ﬁxed with 1% formalin
solution for 10 min. After crosslinking, the chromatin complex was
isolated and fragmented. Chromatin fragments were precipitated with
anti-COUP-TFII or anti-Sp1 antibodies (Millipore). Normal rabbit IgG or
mouse IgG were also incubated with the corresponding chromatin
fragments as negative controls. The following primers were used for
semi-quantitative PCR: Forward (5′ CCTGGTGAGGTGTATTAG 3′) and
reverse (5′ GCACCGTGACAAATAACATCA 3′) for ampliﬁcation of SBE
(Sp1 putative binding element). The Sp1 binding site in the IGF-1
promoter region was predicted by MatInspector software (Genoma-
trix, USA). The Sp1 siRNA (smart pool) was purchased from
Dharmacon. Non-targeting siRNA was used as the negative control.
Slice culture of the cerebellum
By P7, the cerebellumwas dissected from the mouse brain and cut
into 1 mm thick slices using a brain matrix (Braintree Scientiﬁc, USA).Fig.1.Deletion of COUP-TFII in themouse cerebellum. (A) Mid-sagittal plane of the NSECre/+/CI
solution. (C, D) At P0, the parafﬁn section of the control mouse cerebellum (C) or the mutan
COUP-TFII expression pattern at P7 in the NSECre/+/CIIF/+ (E, G) and NSECre/+/CIIF/F cerebellum
section from the vermis area of the cerebellumwas stained with anti-COUP-TFII antibodies (
at P7. (J, I) COUP-TFII was not detectable in the mutant cerebellumwhile Purkinje cells were
control mice cerebellum but (L) calbindin is only detectable in NSECre/+/CIIF/+ mouse. EGL
represents 1 mm (A, B), 200 μm (C-D), 100 μm (E-H) or 50 μm (I–L).Slices were transferred to cell culture inserts for 6 well plates (Thin
cert; 0.4 μm pore, Greiner Bio-One Bioscience). Inserts containing
cerebella slices were placed in 6 well plates with DMEM/F12 medium
containing antibiotics (1% penicillin/ampicillin mixture and 0.5%
gentamycin). Cerebellar slices were cultured for 2 days in the presence
or absence of IGF-1 (200 ng/ml, Abcam). After culture, each cerebellar
slice was ﬁxed with ﬁxative solution overnight. After dehydration,
cerebellar sliceswere embeddedwith parafﬁn and sectioned into 6 μm
thickness for immunohistochemistry.
Results
Successful recombination of ﬂoxed COUP-TFII in the cerebellum
In order to bypass embryonic lethality of COUP-TFII null mice, we
used the Cre-LoxP system to delete COUP-TFII in neuronal cells. Floxed
COUP-TFII mice (CIIF/F) were crossed to mice expressing Cre recombi-
nase under the control of the neuron speciﬁc enolase (NSE) promoter
(NSECre/+) to disrupt the COUP-TFII gene speciﬁcally in the brain. A LacZIF/+ mouse cerebellum or (B) the NSECre/+/CIIF/F mouse cerebellumwas stained with X-gal
t mouse cerebellum (D) was incubated with anti-COUP-TFII antibodies and visualized.
(F, H) was measured at both the anterior (E, F) and posterior (G, H) lobes. (I, J) Sagittal
red) or (K, L) both anti-COUP-TFII antibodies (red) and anti-Calbindin antibodies (green)
COUP-TFII positive in control mice. (K) COUP-TFII was co-localized with calbindin in the
stands for external granule cell layer. Arrow head indicates Purkinje cells. Scale bar
Fig. 2.Morphological analysis of the NSECre/+/CIIF/F mouse brain. (A) Dorsal view of the control mouse brain (upper panel) and the NSECre/+/CIIF/F mouse brain (lower panel) at P0, P7,
and P14. Dotted line indicates dorsal part of the control and NSECre/+/CIIF/F mouse cerebellum. (B, C)Weight of the brainwas examined in NSECre/+/CIIF/F mice and the control at P7, P14,
and P21. After measuring the whole brain weight (B), the cerebellum was carefully dissected and weighed separately. (C) The cerebellum weight was divided by the whole brain
weight to attain the ratio of the cerebellum to thewhole brain in each genotype. Values are shown as mean±SEM from at least three independent animals. Scale bar represents 2mm.
Student t-test; ⁎Pb0.05, ⁎⁎Pb0.03, ⁎⁎⁎Pb0.01.
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to monitor deletion efﬁciency of the ﬂoxed COUP-TFII gene as
previously described (Takamoto et al., 2005). Upon recombination of
ﬂoxed COUP-TFII with NSE-Cre recombinase, expression of β-galacto-
sidase was observed (Figs. 1A and B).Fig. 3. Abnormal foliation in NSECre/+/CIIF/F mice. (A, B) Dorsal view of X-gal stained the ce
sections of the control mouse cerebellum (C) and the NSECre/+/CIIF/F mouse cerebellum (D) w
High power view of the cerebella sections shown in C and D, respectively. Roman number rep
indicate each ﬁssure as follows: 1, primary ﬁssure; dcl, declival ﬁssure; i, intercrural ﬁssureWhole mount 5-bromo-4-chloro-3-indolyl-β-D-galactoside (X-
gal) staining showed that X-gal positive cells were detected in the
cerebellum of double heterozygote mice as well as in the mutant mice
(Figs. 1A and B). X-gal staining revealed that expression of COUP-TFII
was starting to be abolished by E13.5 (Supplement Fig. 2A). To furtherrebellum of control mouse (A) and NSECre/+/CIIF/F mouse (B) at P14. (C, D) Mid-sagittal
ere stained with anti-calbindin antibodies and counterstained with Methyl Green. (E, F)
resents typical number of each lobule in the developingmouse cerebellum. Given names
; py, prepyramidal ﬁssure; 2, secondary ﬁssure. (C–F) Scale bar=100 μm.
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NSECre/+/CIIF/F mice, we used a COUP-TFII speciﬁc antibody. As
reported in our earlier publication (Qin et al., 2007), expression of
COUP-TFII was observed in the Purkinje cell layer at P0 and P7 (Figs.
1C, E, and G) as well as in mature Purkinje cells, as identiﬁed by
calbindin antibodies at P7 (Figs. 1I and K). In contrast to control mice,
COUP-TFII immunoreactivity was not detected in Purkinje cells of the
mutant mice during postnatal development (Figs. 1D, F, H, J and L).
Even though inactivation of COUP-TFII expression occurred by E13.5,
immunohistochemical analysis showed that disruption of COUP-TFII
was almost complete by E17.5 (Supplement Fig. 2A). These data
revealed that recombination of the ﬂoxed COUP-TFII allele successfully
occurred in both the anterior and posterior of the developing
cerebellum of NSECre/+/CIIF/F mice from E17.5.
Ablation of COUP-TFII results in reduced brain size during postnatal
development
At postnatal day 0 (P0), there were no obvious differences in the
brains of control and NSECre/+/CIIF/F mice in terms of gross morphology
(Fig. 2A). As development proceeded further, the whole brain weight
was slightly reduced (∼10%) in NSECre/+/CIIF/F mice in comparison toFig. 4. Proliferation and apoptosis of GCPs in NSECre/+/CIIF/F mice. (A) Sagittal sections of the
phosphorylated Histone H3 (pHis-H3) antibodies at P0 and P7. (B) Quantiﬁcation of mitotic
Mitotic cell label with pHis-H3 was counted only in the EGL of the vermis area. Twenty slide
positive cells. Values are shown as mean±SEM from at least three independent animals. Stud
from control mouse and NSECre/+/CIIF/F mouse were stained with anti-capase-3 antibodies at
and NSECre/+/CIIF/F mice at P0 and P7. Apoptotic cells label with caspase-3 were counted only
each genotype were used to quantify apoptotic cells. Values are shown as mean±SEM fromtheir littermate controls after postnatal day 7 (P7, Fig. 2B). Interest-
ingly, the dorsal view of the brain revealed that the cerebellum of the
NSECre/+/CIIF/F mouse was signiﬁcantly smaller than that of control
mice after P7, while the size of the cerebrumwas comparable to that of
the control mouse (Fig. 2A).These data suggests that growth of the
cerebellum was an affected region in the brain of NSECre/+/CIIF/F mice
(Figs. 2A and C). To determine quantitatively whether the reduction of
the cerebellum in NSECre/+/CIIF/F mice was more severe than that
observed for thewhole brain, the ratio of the cerebellumweight to the
whole brain weight was measured at P7 and P14 (Fig. 2C). The
cerebellum weight was decreased ∼35% in NSECre/+/CIIF/F mice
compared to their littermate controls (Fig. 2C). This result indicates
that growth of the cerebellumwas more severely affected in NSECre/+/
CIIF/F mice than for other brain regions.
COUP-TFII is required for complete foliation in the vermis region of
cerebellum
We next investigated whether a sequential formation of folia and
ﬁssures progressed normally in the cerebellum. Interestingly, whole
mount LacZ staining showed that the indentation from lobule VI
and lobule VII in the vermis area was not complete in NSECre/+/CIIF/Fcerebellum from a control mouse and an NSECre/+/CIIF/F mouse were stained with anti-
cell numbers in the vermis area of control mice and NSECre/+/CIIF/F mice at P0 and P7.
s containing at least three sections from each genotype were used to quantify pHis-H3
ent t-test; ⁎Pb0.01, ⁎⁎Pb0.05. Scale bar=100 μm. (C) Sagittal sections of the cerebellum
P0 and P7. (D) Quantiﬁcation of mitotic cell numbers in the vermis area of control mice
in the EGL of the total vermis area. At least twenty slides containing three sections from
at least three independent animals. Student t-test; ⁎Pb0.01, ⁎⁎Pb0.03. Scale bar=50 μm.
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ﬁssures were clearly indented into lobules VI and VII in the vermis
area of control mice cerebellum (Figs. 3C and E), only one ﬁssure
was found in NSECre/+/CIIF/F mice (Figs. 3D and F). These ﬁndings
suggest that either lobule VI is not subdivided into VIa and VIb, or
lobule VII is missing in the NSECre/+/CIIF/F mice. In addition to
improper foliation, the overall size of lobules VI and VII was
changed in the mutant mice cerebellum compared to their
littermate controls (Fig. 3).
Proliferation of granule cells in the cerebellum of NSECre/+/CIIF/F mice
In order to address whether the reduction of size and abnormal
foliation pattern results from insufﬁcient proliferation of GCPs in the
mutant cerebellum, we performed immunohistochemistry using
phosphorylated Histone-H3 (pHis-H3) speciﬁc antibodies. The
majority of pHis-H3 positive immunoreactivity was observed in
the outer half of the EGL, which is considered to be the proliferating
zone (Fig. 4A). As shown in Fig. 2, a signiﬁcant size reduction of the
cerebellum was observed after the ﬁrst week of life, but not at birth.
Interestingly, the proliferation of GCPs started to decrease at P0 inFig. 5. Reduced IGF-1expression in NSECre/+/CIIF/F mice. (A) Mid-sagittal sections of the cer
antibodies. Arrowhead indicates a Purkinje cell. Scale bar=50 μm. (B) The cerebellar extracts
analysis. Immunoreactivity was quantiﬁed using Image J (NIH) software. Expression level of I
at least three independent animals. Student t-test; ⁎Pb0.01. (C) Chromatin-protein comp
precipitated with anti COUP-TFII antibodies or anti Sp1 antibodies. IgG was used as a control
in box. (D) P19 cells were respectively transfected with non targeting siRNA or Sp1 ta
immunoblotting analysis to detect Sp1 expression. Chromatin-protein complex from P19 cell
COUP-TFII antibodies or anti Sp1 antibodies. 10% of total chromatin-protein complex was usNSECre/+/CIIF/F mice (Figs. 4A and B). By P7, the number of mitotic
GCPs in the cerebellum of NSECre/+/CIIF/F mice was reduced to ∼35%
in comparison to those of their littermate controls (Fig. 4B). Since
COUP-TFII expression in the anterior part of the cerebellum is
higher than in the posterior part (Qin et al., 2007), we then asked
whether growth of GCPs in the posterior part of the mutant
cerebellum is less affected. We found a comparable reduction in
proliferation in both the anterior and the posterior regions of the
mutant cerebellum as compared to the control cerebellum (data not
shown).
The reduction of the cerebellum size can be caused not only by
an insufﬁcient proliferation of GCPs but also by apoptosis of GCPs.
To examine whether apoptosis of GCPs also contributes to the
reduction of the GCP population in the EGL of mutant mice, we
used Caspase 3 speciﬁc antibodies to analyze the apoptotic activity
of GCPs. We found that apoptotic cells were detected in the EGL of
the cerebellum (Fig. 4C). As expected, the number of Caspase 3
positive cells was signiﬁcantly increased in the EGL of the mutant
cerebellum as compared to the control (Figs. 4C and D). These data
suggest that apoptotic activity in GCPs is likely to account for the
total reduction of the mitotic GCPs population.ebellum from a control mouse and NSECre/+/CIIF/F mouse were stained with anti-IGF-1
from a control mouse and an NSECre/+/CIIF/F mouse were subjected to immunoblotting
GF-1 was adjusted with intensity of cyclophilin A. Values are shown as mean±SEM from
lex from (a) RA treated P19 cells or (b) COUP-TFII over expressed P19-CII cells was
in a parallel experiment. The putative Sp1 binding element is highlighted by bold letters
rgeting siRNA. Protein extracts from siRNA transfected P19 cells were subjected to
s transfected with non targeting siRNA or Sp1 targeting siRNAwas precipitated with anti
ed as input for ChIP assays.
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IGF-1 promoter
As previously mentioned, Purkinje cells regulate the proliferation
and survival of granule cells by producing mitogens or growth factors.
Insulin like growth factor (IGF) is one of the most important growth
factors in mediating the growth of the body and the brain (Liu et al.,
1993). Even though IGFs are mainly produced in the liver, IGF-1 is also
expressed in Purkinje cells of the mouse cerebellum (Sherrard et al.,
1997). Previous studies have shown that treatment with IGF-1
protects granule cells from apoptosis (Dudek et al., 1997; Linseman
et al., 2002; Zhong et al., 2005) and also regulates the proliferation of
these cells (Lin and Bulleit,1997; Ye et al., 1996). Since the proliferation
and apoptosis of GCPs was affected in NSECre/+/CIIF/F mice, we thus
asked whether IGF-1 expression was altered in the cerebellum of
these mice. As shown in Fig. 5A, IGF-1 was detected only in Purkinje
cells of the control mouse cerebellum at P7. Interestingly, the
expression of IGF-1 was signiﬁcantly reduced in Purkinje cells of the
mutant mouse cerebellum (Fig. 5A). In order to quantify the decrease
of IGF-1 expression, we measured the expression level of IGF-1 using
P7 cerebellar extracts. As shown in Fig. 5B, the expression of IGF-1 was
reduced about one third in extracts of the mutant mice cerebellum as
compared to those of the control mice.
To strengthen the notion that COUP-TFII may modulate IGF-1
expression, we examined whether COUP-TFII regulates the expression
of IGF-1 in P19 cells. P19 cells, originated from mouse embryonic
carcinoma, are known to be able to differentiate into neuronal cells in
the presence of retinoic acid (RA). We ﬁrst constructed a viral vector
system to express the COUP-TFII gene and subsequently established aFig. 6. Reduced Akt1 phosphorylation in NSECre/+/CIIF/F mice. (A–F) Parafﬁn sections of the ce
anti-Akt1 antibodies (E, F), antibodies against pSer473 of Akt1 (A, B), or antibodies against p
represents 50 μm in A-F. (G) The cerebellar extracts from a control mouse and an NSECre/+/CIIF
was quantiﬁed using Image J software. β-actin was used as a loading control. Values are sh
⁎⁎Pb0.01.P19 cell line expressing COUP-TFII (P19-CII). As expected, the
expression level of IGF-1 was increased in P19 cells over-expressing
COUP-TFII in comparison to the control P19 cells (Supplemental Fig.
1D). This data implies that COUP-TFII is important in regulating the
expression of IGF-1 in P19 cells.
Our group previously showed that COUP-TFs are able to activate
NGFI-A promoter activity through interaction with Sp1, which recruits
COUP-TFs to the Sp1 binding site in urogenital mesenchymal cells
(Pipaon et al., 1999). To determine whether COUP-TFII regulates IGF-1
expression directly, we used a chromatin immunoprecipitation (ChIP)
assay to investigate if COUP-TFII was recruited to the IGF-1 promoter
via Sp1. ChIP assays revealed that both Sp1 and COUP-TFII occupy an
IGF-1 promoter region containing a Sp1 binding site in RA-treated
P19 cells and in COUP-TFII over- expression cells (P19-CII) (Fig. 5C). To
examine whether recruitment of COUP-TFII to the IGF-1 promoter is
Sp1-dependent, Sp1 targeting siRNA was employed to block the
expression of Sp1. As shown in Fig. 5D, the expression of Sp1 was
signiﬁcantly reduced in P19 cells treated with Sp1 siRNA. As expected,
the introduction of Sp1 targeting siRNA reduced the occupancy of Sp1
on the IGF-1 promoter (Fig. 5D). More importantly, COUP-TFII binding
to the IGF-1 promoter was also inhibited by the Sp1 siRNA treatment
(Fig. 5D). Thus, COUP-TFII regulates IGF-1 expression by direct binding
to the IGF-1 promoter in a Sp1-dependent manner.
Activity of Akt1, mTOR, and GSK-3β in the cerebellum of NSECre/+/CIIF/F
mice
It has been shown that IGF-1 regulates the growth and survival of
cultured cerebellar granule cells through modulation of Akt signalingrebellum from a control mouse (A, C, E) and a mutant mouse (B, D, F) were stained with
Thr308 of Akt1 (C, D), respectively, at P7. Arrowhead indicates a Purkinje cell. Scale bar
/F mouse were subjected to immunoblotting analysis. The intensity of immunoreactivity
own as mean±SEM from at least three independent animals. Student t-test; ⁎Pb0.01,
385B.J. Kim et al. / Developmental Biology 326 (2009) 378–391pathway (Dudek et al., 1997; Wiedmann et al., 2005; Zhong et al.,
2005). Since the expression level of IGF-1 in Purkinje cells was
signiﬁcantly reduced in NSECre/+/CIIF/F mice (Figs. 5A and B), we
investigated whether Akt signaling was consequently altered in the
mutant cerebellum at P7. The expression of total Akt1 was detectable
in each layer of the cerebellum, including the EGL, molecular layer,
Purkinje cell layer, and the internal granular layer (IGL, Fig. 6E).
Immunoreactivity of total Akt1 was comparable in each cerebellar
layer between the control and NSECre/+/CIIF/F mice (Figs. 6E and F).
Immunoblotting of isolated cerebellar extracts also showed a similar
total Akt1 expression level in both control and mutant mice (Fig. 6G).
These data suggest that the total Akt1 protein level was unchanged in
the mutant mice. Since the intracellular signaling pathways modulate
Akt activity and its physiological functions by differential phosphor-
ylation of Akt1 at Ser473 and Thr308 (Jacinto et al., 2006), we used
phosphorylation-speciﬁc antibodies to monitor the phosphorylation
status of Akt1 at Thr308 or Ser473, respectively. As shown in Fig. 6A,
phosphorylation of Akt1 at Ser473 (pAkt S473) was clearly detected in
the EGL, the molecular layer, the Purkinje cell layer, and the IGL in
control mice, similar to the immunoreactivity of total Akt1 (Fig. 6E).
However, phosphorylation of Akt1 at Ser473 in all cerebellar layers
was signiﬁcantly reduced in COUP-TFII mutant mice as compared to
their littermate controls (Figs. 6A and B). Immunoblotting with pAktFig. 7. Phosphorylation of mTOR, S6 proteins, and GSK-3β in NSECre/+/CIIF/F mice. Immunost
speciﬁc antibodies (A, B) on sagittal sections of the cerebellum from a control mouse (A, C)
control or mutant mousewas stained with anti-S6 protein antibodies (G, H) or anti-phosphor
Cerebellar extracts of a control mouse and an NSECre/+/CIIF/F mouse were subjected to immun
Quantitation of these blots was shown in panel K. Scale bar represents 50 μm in A-H. ⁎Pb0S473 antibodies also revealed reduced phosphorylation in cerebellar
extracts isolated from mutant mice (Fig. 6G). Interestingly, Akt1
phosphorylated at Thr308 was primarily visible in the proliferating
zone of the EGL, which is quite different from the Akt1 phosphorylated
at S437 (Fig. 6C), supporting previous reports that phosphorylation of
Akt1 at Thr308 is more associated with cell proliferation than
phosphorylation at Ser473 (Jacinto et al., 2006). Consistent with this
notion, the number of pAkt T308 positive GCPs was signiﬁcantly
decreased as well as the staining intensity in the EGL of the mutant
mouse cerebellum (Fig. 6D). The dramatic reduction of phosphoryla-
tion of Akt1 at Thr308 was also conﬁrmed in the cerebellar extracts
isolated from the mutant cerebellum as compared to control
littermates (Fig. 6G).
Akt activates the mammalian target of rapamycin (mTOR) by
either direct phosphorylation or by inactivation of tuberous
sclerosis protein (TSC, harmatin) (Inoki et al., 2002; Riemenschnei-
der et al., 2006). Furthermore, it has been suggested that mTOR
responds to growth factors such as insulin and IGF-1 via the Akt
signaling pathway (Manning, 2004). We thus asked whether
alteration of Akt activity, as seen in the mutant mice, could
modulate activation of mTOR. As shown in Fig. 7, expression of
mTOR was clearly detected in the entire area of the cerebellar
cortex in both control and NSECre/+/CIIF/F mice (Figs. 7C and D). Inaining was performed with anti-mTOR antibodies (C, D) or anti-phosphorylated mTOR
and a NSECre/+/CIIF/F mouse (B, D) at P7. (E-H) Sagittal section of the cerebellum from a
ylated S6 protein speciﬁc antibodies (E, F) at P7. Arrowhead indicates a Purkinje cell. (I, J)
oblotting analysis. Immunoblotting was repeated on at least three independent animals.
.03, ⁎⁎Pb0.03, ⁎⁎⁎Pb0.01, ⁎⁎⁎⁎Pb0.01.
386 B.J. Kim et al. / Developmental Biology 326 (2009) 378–391contrast to total Akt1, the expression levels of mTOR were reduced
in the NSECre/+/CIIF/F cerebellum as compared to their littermate
control cerebellum (Figs. 7C and D). Immunoblotting with mTOR
speciﬁc antibodies also revealed that the expression of mTOR was
decreased in NSECre/+/CIIF/F mice (Figs. 7I and K). We next examined
the activity of mTOR using antibodies that speciﬁcally recognize the
phosphorylated form of mTOR. Phosphorylation of mTOR (pmTOR,Fig. 8. Reduction of dendritic branching in Purkinje cells of NSECre/+/CIIF/F mice. (A) Parafﬁn s
antibodies at P5, P7, and P14. Dendritic branches of Purkinje cells labeled with calbindin anti
were exclusively used for quantiﬁcation of dendritic branching. Quantiﬁcation was perform
shown as mean±SEM from at least three independent animals. Student t-test; ⁎Pb0.01, ⁎⁎PmTOR activation) was detected in the EGL, Purkinje cells, molecular
layer, and the IGL (Figs. 7A and B), and its immunoreactivity was
reduced in the NSECre/+/CIIF/F mice as compared to the control mice
cerebellum (Figs. 7A and B). Similarly, activation of mTOR by
phosphorylation was also dramatically diminished in extracts
prepared from the cerebellum of NSECre/+/CIIF/F mice as compared
to control mice (Figs. 7I and K). Since the S6 protein is a keyections of the cerebellum from control or mutant mice were stained with anti-calbindin
bodies were only counted. (B) Purkinje cells containing at least two secondary dentrites
ed using ten slides containing at least three sections from each genotype. Values are
b0.03, ⁎⁎⁎Pb0.03. Scale bar=50 μm.
Fig. 9. IGF-1 rescues the defects of GCPs and Purkinje cells in NSECre/+/CIIF/F mice. (A–H, and J) The cerebellum was dissected and cut into 1 mm thick slices at P7. Each slice from control or mutant mice was cultured in the presence of IGF-1
(200 ng/ml) (C, D, G, H) or absence of IGF-1 (A, B, E, F). Sagittal sections of the cultured cerebella slices from the control and NSECre/+/CIIF/F mouse were stained with anti-Ki67 antibodies (A–D), and anti-calbindin antibodies (J). Parafﬁn sections
of the cerebella slices were also subjected to TUNEL assays (E–H). Proliferating cells labeled with Ki67 and apoptotic cells were counted only in the EGL of the each cerebellar slice. To count Ki67 positive cells, apoptotic cells and number of
dendritic branches in Purkinje cells, ten sections from each genotype were used. Values are shown as mean±SEM from at least three independent animals. Student t-test; ⁎Pb0.03. Scale bar=200 μm (A–D), 100 μm (E–H) or 50 μm (J).
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388 B.J. Kim et al. / Developmental Biology 326 (2009) 378–391mediator of Akt/mTOR signaling, we examined phosphorylation of
S6 in the mutant mice. As shown in Fig. 7, S6 protein was detected
in the same regions where both Ak1 and mTOR were expressed. In
contrast to the expression level of total S6 protein (Figs. 7G and H),
the level of phosphorylated S6 protein was decreased in the mutant
mice compared to the control mice (Figs. 7E and F). The reduction
of S6 protein phosphorylation was also quantiﬁed using cerebellar
extracts (Figs. 7I and K). Alternatively, GSK-3β is another well
known target of Akt in cultured cerebellar granule cells (Browd et
al., 2006; Kenney et al., 2004). Thus, we also measured the total
GSK-3β and its activity using cerebellar extracts. Interestingly,
phosphorylation of GSK-3β was reduced about two-fold in extracts
of the mutant cerebellum in comparison with the control, while
the level of GSK-3β expression in the mutant mouse was similar to
that of the control mouse (Fig. 7J). Thus, these results provide a
clue that biological effects of IGF-1 are mediated by the Akt1
signaling pathway in the developing mouse cerebellum.
Dendritic defect of the Purkinje neurons in COUP-TFII mutant mice
Several years ago, Fukudome et al. showed that IGF-1 treatment
signiﬁcantly enhanced the dendritic growth and survival of
Purkinje cells using a culture system (Fukudome et al., 2003).
Since the decrease in IGF-1 expression was observed in the mutant
mice cerebellum (Figs. 5A and B), we examined the development of
dendritic branches of Purkinje cells in COUP-TFII mutants. Using
calbindin as a marker, we found that the branching of dendrites in
Purkinje cells was clearly detected at P5 in both control and
mutant mice (Fig. 8A). However, arborization of Purkinje cell
dendrites in mutant mice was less than in control mice (Fig. 8A).
The number of dendritic branches in Purkinje cells was signiﬁcantly
decreased in the mutant cerebellum during postnatal development
(Figs. 8A and B). The reduction in branching of Purkinje cell
dendrites was restricted to higher order branches (Fig. 8A). These
results support the hypothesis that an insufﬁcient level of IGF-1 in
NSECre/+/CIIF/F mice causes the retardation of dendritic growth of
Purkinje cells.Fig. 10. Reduced calretinin expression in NSECre/+/CIIF/F mice. (A–D) Mid-sagittal sections of th
with anti-calretinin antibodies at P14. (E) The cerebellar extracts of a control mouse and an
repeated using at least three independent animals. Student t-test; ⁎Pb0.01 ML, molecular lThe defects exhibited by GCPs and Purkinje cells of COUP-TFII mutants
can be rescued by IGF-I in cultured cerebellar slices
In order to conﬁrm that the decrease of proliferation and increase
of apoptosis in GCPs is due to an insufﬁcient level of IGF-1, IGF-1 was
used to rescue the defects in proliferation and apoptosis of COUP-TFII
mutant mice using cultured cerebellar slices. As expected, the number
of Ki67 positive cells in the EGL of the cerebellar slice was reduced in
the mutant mice in the absence of IGF-1 in comparison with control
mice (Figs. 9A, B, and I). In contrast, the proliferation of GCPs between
mutant cerebellar slices and control cerebellar slices was comparable
when cerebellar slices were incubated in the presence of IGF-1 (Figs.
9C, D, and I). In addition, the increased number of apoptotic GCPs in
mutant mice was signiﬁcantly reduced when IGF-1 was included in
the medium (Figs. 9E–H and I).
Since the dendritic branching of Purkinje cells was affected in the
mutant mice (Fig. 8), we investigated whether the branching defect of
Purkinje cells dendrites could also be restored by IGF-1 treatment in
the cerebellar slice culture. In the absence of IGF-1, as expected, the
branching of Purkinje cells was signiﬁcantly diminished in the mutant
cerebellum in comparison to the control cerebellum (Fig. 9J). In
contrast, treatment with IGF-1 restored the branching of Purkinje cells
in the cerebellar slices of mutant mice (Fig. 9J). Thus, these results
support our working model that the insufﬁcient level of IGF-1 causes
the reduced proliferation and enhances apoptosis of GCPs as well as
the dendritic branching of Purkinje cells in mutant mice.
The expression of calretinin was reduced in NSECre/+/CIIF/F mice
Besides other functions, IGF-1 also promotes expression of
calretinin in cultured rat embryonic neurons (Yamaguchi et al.,
1995). To ask whether the decrease of IGF-1 affects the expression
level of calretinin in the mutant cerebellum, we examined the
expression of calretinin. As shown in Fig. 10, immunoreactivity of
calretininwas mainly detected in migrated granule cells located in the
IGL at P14. Interestingly, calretinin expressionwas reduced in NSECre/+/
CIIF/F mice as compared to control mice (Figs. 10A–D). We alsoe cerebellum from a control mouse (A, C) and a NSECre/+/CIIF/F mouse (B, D) were stained
NSECre/+/CIIF/F mouse were subjected to immunoblotting analysis. Immunoblotting was
ayer; IGL, internal granule cell layer. Scale bar indicates 50 μm (A–D).
389B.J. Kim et al. / Developmental Biology 326 (2009) 378–391measured the total expression level of calretinin by immunoblotting
(Fig. 10E). The decrease of calretinin expression was consistent with
that observed in immunostaining. Thus, an insufﬁcient level of IGF-1
may cause a retardation of the cerebellum development in the mutant
mice.
Discussion
COUP-TFII is broadly expressed in different regions of the
mammalian brain. To address the role of COUP-TFII in the mouse
brain during the development, we generated COUP-TII brain-speciﬁc
knockout mice using NSE-expressed Cre. Ablation of COUP-TFII in the
mouse brain resulted in a retardation of growth, the appearance of
abnormal foliation, and reduction of IGF-1 expression in the
cerebellum (Fig. 2,Fig. 3, andFig. 5). Growth impairment of the
cerebellum was due to the reduction of GCPs population in NSECre/+/
CIIF/F mice (Fig. 4). More importantly, IGF-1 treatment rescued the
proliferative activity and eliminated the enhanced apoptosis of GCPs as
well as the decrease of branching of Purkinje cell dendrites in cerebella
slices of mutant mice (Fig. 9). Thus, all of these data supports our
hypothesis that the reduced proliferation and increased apoptosis in
COUP-TFII mutants is due to a decrease in IGF-1 expression levels,
likely due to defective COUP-TFII recruitment to the IGF-1 promoter,
resulting in the improper growthof dendritic branching in the Purkinje
cells.
Size and patterning of the cerebellum in NSECre/+/CIIF/F mice
Morphological analysis showed that the size of the NSECre/+/CIIF/F
mice cerebellum was smaller, being reduced ∼35% in weight as
compared to control mice (Fig. 2C). Several lines of evidence support
that reduced cerebellum growth results from down-regulation of
GCPs proliferative activity (Ben-Arie et al., 1997; Cho and Tsai, 2006;
Lewis et al., 2004; Mares et al., 1970; Miyata et al., 1999). Like previous
reports, we found that the proliferative activity of GCPs was down-
regulated in NSECre/+/CIIF/F mice (Figs. 4A, B), suggesting that growth
retardation of the cerebellum may be due to the reduction in the
number of mitotic GCPs. Furthermore, apoptotic activity of GCPs was
increased in mutant mice (Figs. 4C and D). Ablation of COUP-TFII also
affected foliation patterning concomitant with the reduction of
cerebellum size (Fig. 3), which is consistent with an earlier report
that insufﬁcient proliferation of GCPs causes incomplete foliation in
the mouse cerebellum (Lewis et al., 2004). Thus, our ﬁndings are
consistent with the hypothesis that proliferation of GCPs is critical for
regulating the expansion and proper formation of folia in the mouse
cerebellum during postnatal development.
Even though COUP-TFII expression in the anterior part of the
cerebellum is higher than in the posterior part (Qin et al., 2007), the
reduction inproliferation in both the anterior and the posterior regions
of the mutant cerebellumwas comparable as compared to the control
cerebellum (data not shown). In addition, even though a decrease of
the number of GCPs was observed in the entire cerebellum of the
mutantmouse (Fig. 4), an abnormal foliationwas restricted in lobule VI
of themutantmouse cerebellum (Fig. 3). Asmentioned in the previous
report (Qin et al., 2007), the expression of COUP-TFII is much higher
during embryonic stages in comparison with the postnatal period.
Thus, COUP-TFII may have a lesser role in the postnatal stages even if it
maintains a differential expression pattern in the anterior-posterior
axis. Alternatively, other growth factors or mitogens, such as BDNF,
HGF-α, and SHHcanpartially compensate for the reducedproliferation
of GCPs caused by the deletion of COUP-TFII. For example, SHH is one of
the most important factors in the regulation of granule cell prolifera-
tion from embryonic stages to postnatal stages. In the COUP-TFII
conditional mutant mice, expression of shh was not affected (Supple-
ment Fig. 1). Therefore, shh or other growth factors expressed may be
able to minimize the defects exerted by loss of COUP-TFII in theregulation of mitotic activity of GCPs and patterning of the cerebellum
in the postnatal period as well as in embryonic stages.
Since a lesser number of proliferative GCPs was observed at P0 as
well as at P7, we examined the formation of principal ﬁssures and the
mitotic index between the base of the ﬁssure and crown of folia during
embryonic development of the cerebellum. A sagittal section of the
mutant cerebellum revealed that there was no obvious defect in
foliation at E17.5 and E18.5 (Supplement Fig. 2A, B). Recently, Sudarov
and Joyner demonstrated that GCPs in the base of a ﬁssure have a
shorter mitotic index compared to GCPs in the crown of folia (Sudarov
and Joyner, 2007). As shown in Supplement Fig. 2C, the mitotic index
of GCPs in the mutant cerebellum was comparable to that of the
control mouse cerebellum at E17.5 as well as the proliferative activity
of total GCPs. In addition, the decrease of proliferation was evenly
observed in the bases of ﬁssures and crowns of folia at P0 in the
mutant cerebellum (Supplement Fig. 2C). These results indicate that
deletion of COUP-TFII may not be enough to affect the embryonic
development of the cerebellum because COUP-TFIIwas disrupted from
E17.5 (Supplement Fig. 2A).
COUP-TFII directly regulates IGF-1 gene expression in the mouse
cerebellum
Previously,wedemonstrated that COUP-TFII is expressed inPurkinje
cells, but not in granule cells (Qin et al., 2007). Thus, COUP-TFII may
regulate paracrine signals secreted by Purkinje cells to modulate
proliferation of GCPs. It was reported that tissue-speciﬁc ablation of
Met, which is a receptor for hepatocyte growth factorα (HGFα), results
in abnormal foliation and decreased GCP proliferation (Ieraci et al.,
2002) and that brain derived neurotrophic factor (BDNF) null mice
exhibit increased granule cell death and an abnormal foliation pattern
(Schwartz et al., 1997). In addition, IGF-1 plays a critical role in
protecting cultured granule cells from apoptosis and in promoting their
proliferation in the mouse cerebellum (Dudek et al., 1997; Lin and
Bulleit,1997; Linsemanet al., 2002; Ye et al.,1996; Zhonget al., 2005). To
test whether COUP-TFII may indeed regulate the expression of growth
factors in Purkinje cells, we measured the levels of HGFα, BDNF, and
IGF-1 in these cells. The expression of HGFα and BDNFwas comparable
between NSECre/+/CIIF/F and control mice (Supplemental Figs. 1A, B
and C). Since SHH is also a critical mitogen in the regulation of the
proliferation ofGCPs in themouse cerebellum,we examined the level of
SHH in both the control and mutant mice. Expression of SHH was not
changed in the mutants as compared to the controls (Supplemental
Figs. 1A and C). In contrast, the levels of IGF-1 were signiﬁcantly
decreased in mutant mice as compared to their littermate controls
(Figs. 5A and B). Furthermore, ChIP assays showed that COUP-TFII
was recruited to the IGF-1 promoter region in a Sp1-dependentmanner
(Figs. 5C and D). These results suggest that Sp1 recruits COUP-TFII to
the IGF-1 promoter region to activate its expression. In sum, COUP-TFII
regulates the proliferating and apoptotic activity of GCPs through
modulation of IGF-1 expression,which in turn, plays a role in expansion
and foliation of the cerebellum during postnatal development.
Alteration of Akt signaling in NSECre/+/CIIF/F mice
Of note, even though expression levels of total Akt1 were not much
altered in NSECre/+/CIIF/F mice in comparison with control mice,
activation of Akt by phosphorylation at two sites (S473, T308) was
clearly diminished in NSECre/+/CIIF/F mice (Fig. 6). Interestingly, levels
of phosphorylation of Akt1 at T308 were greatly decreased in GCPs
that reside in the proliferating zone of the EGL in NSECre/+/CIIF/F mice
(Fig. 6D). Thus, the COUP-TFII-activated Akt1 signaling pathway is
important for the proliferation of GCPs.
Akt1 can phosphorylate mTOR (Crespo and Hall, 2002), which can
then in turn trigger phosphorylation of S6 protein for its activation.
We observed the decrease of phosphorylation and expression of
390 B.J. Kim et al. / Developmental Biology 326 (2009) 378–391mTOR as well as the reduction of activation of its downstream S6
kinase in NSECre/+/CIIF/F mice (Fig. 7). In addition, we found that
phosphorylation of GSK-3β was signiﬁcantly decreased in the mutant
mice. This ﬁnding is consistent with previous reports that the activity
of GSK-3β is regulated by Akt, which is activated by IGF-1 in cultured
granule cells (Browd et al., 2006; Kenney et al., 2004). The level of
phosphorylated GSK-3β is also known to have an important role in the
proliferation of cerebellar granule cells (Kenney et al., 2004). Thus, our
results suggest that COUP-TFII-dependent IGF-1 expression poten-
tially regulates the proliferation and apoptosis of GCPs through the
Akt1/GSK-3β cascade.
Impaired maturation in the cerebellum of NSECre/+/CIIF/F mice
It was recently reported that treatment of rapamycin, an mTOR
inhibitor, leads to a reduction of neurite outgrowth in mouse
neuroblastoma cells (Zengand Zhou, 2008). Consistentwith thisﬁnding,
our COUP-TFII mutant has also a decreased arborization of Purkinje cell
dendrites (Fig. 8).This is likely due to the defect in mTOR/S6 signaling
observed in our COUP-TFIImutant. In eukaryotic cells, mTOR is involved
inmultiple control steps during the translation process. Since activation
of mTOR by BDNF triggers protein synthesis in dendrites of cultured
cortical neurons (Takei et al., 2004), decreased phosphorylation levels of
mTOR and S6 proteins in COUP-TFII mutant mice possibly leads to a
partial inhibition of thegeneral translationalmachinery in Purkinje cells,
and thus can inhibit the dendritc branching.
The formation of cerebellar architecture is important to build up
active circuits during postnatal development of this brain structure
(Sillitoe and Joyner, 2006). Synaptic transmission in circuits is a critical
mediator in controlling motor coordination and motor learning in the
mouse. In addition, it has been reported that atrophy of Purkinje cell
dendrites causes progressive loss of motor coordination (He et al.,
2006). Thus, our mutant mice with abnormal foliation and reduced
Purkinje cell dendritic braching may have a defect in circuit formation
in the cerebellum (Fig. 8). In addition, ablation of calretinin frommice
results in impaired motor coordination and altered excitability of both
granule and Purkinje cells in the cerebellum (Gall et al., 2003;
Schiffmann et al., 1999). Calretinin is expressed at a very low level in
early stages of postnatal development of the cerebellum, but it
becomes more highly expressed in later stages (Bastianelli, 2003).
These ﬁndings suggest that calretinin is an important mediator to
regulate neuronal activities in the mouse cerebellum. In NSECre/+/CIIF/F
mice, calretinin expression was decreased in the molecular layer and
IGL (Fig. 10). Interestingly, while control mice normally extended their
hind limbs, NSECre/+/CIIF/F mice showed abnormal hind limb clasping
behavior when lifted by their tail (data not shown). Our ﬁndings
suggest that motor coordination or synaptic transmission is likely to
be impaired in NSECre/+/CIIF/F mice.
Our results indicate that COUP-TFII plays key roles in regulating the
formation of cerebellar architecture as well as the proliferation and
apoptosis of GCPs by modulating IGF-1 expression during postnatal
development of the mouse cerebellum. The disruption of COUP-TFII in
the mouse cerebellum resulted in reduced IGF-1 levels, and
correspondingly, activation of Akt1/GSK-3β was decreased, along
with a reduction in the mTOR expression level and S6 protein
phosphorylation. Importantly, we found that COUP-TFII regulates IGF-
1 expression by binding to its promoter region in a Sp1-dependent
manner. Finally, we also observed an atrophy of dendritic branching of
Purkinje cells and a decrease of calretinin expression in COUP-TFII
mutant mice, suggesting that COUP-TFII regulates the terminal
differentiation of granule cells and Purkinje cells.
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